Introduction
============

*Microcebus* *murinus*, the gray mouse lemur, is a prosimian species native to the island of Madagascar. *Microcebus* bears many similarities to the common ancestor of primates, which motivated the early study of the microscopic anatomy of its cerebral cortex by Le Gros Clark ([@B46]; A supplemental figure adapted from Le Gros Clark, [@B46] is available at <http://allmanlab.caltech.edu/>). Many sources of evidence indicate that the common primate ancestor probably lived in tropical forests; was highly arboreal; was small in size, weighing 500 g or less; was nocturnal; and fed on both fruits and small animals. *M*. *murinus* satisfies all of these criteria (Martin, [@B49]), and the species' skull shape and external brain morphology closely resemble the fossil primates of the early Eocene period, 55 million years ago (Radinsky, [@B69]; Allman, [@B3]). These observations suggest a possible role of the *Microcebus* as an extant proxy for the common ancestor of primates, hence motivating us to study the species as a way of exploring the evolution of primate brains.

The claustrum is a thin, sheet-like subcortical cellular structure found in mammalian brains. In primates it is located between the putamen and the insular cortex, usually separated from each of these two structures by the external capsule and the extreme capsule, respectively (Figures [1](#F1){ref-type="fig"}A,B). Due to the claustrum's location, size, and shape, it is very challenging to investigate the structure's connections and function using techniques that are currently available. However, the limited amount of data from other species suggest that it is extensively connected with many cortical areas including the prefrontal, temporal polar, motor, hippocampal, parahippocampal, parietal, and visual cortices (Tanné-Gariépy et al., [@B82]; Edelstein and Denaro, [@B29]). Connections with the thalamus, caudate, and amygdala have also been found (LeVay and Sherk, [@B47]; Arikuni and Kubota, [@B7]; Jiménez-Castellanos and Reinoso-Suárez, [@B40]; Amaral and Insausti, [@B5]; Edelstein and Denaro, [@B29]).

![**(A)**A coronal section of the *Microcebus murinus* brain, stained for cell body with the cresyl violet Nissl technique. The arrows point to the claustrum (CL) and the insula (IN). **(B)** An adjacent section, processed with the Gallyas silver staining technique, showing fiber distributions. Note the external capsule segregating the claustrum from the putamen, and the extreme capsule barely separating the claustrum from the insula. **(C)** A coronal cross-section of the HARDI data, at the level and cutting plane similar to those of the histological sections. The arrows indicate the locations of the claustral and mid-insular seeds. The red-yellow tract originates from the claustral seed, whereas the blue-light blue tract arises from the mid-insular seed. **(D--F)**The fractional anisotropy (FA) map of the HARDI data, in horizontal planes. This map reflects the distribution of fiber tracts in the brain tissue, with the colors representing fiber directions (blue = anterior-posterior; red = medial-lateral; green = dorsal-ventral). The map clearly shows a number of major fiber bundles, such as the anterior commissure (AC), cingulum bundle (CG), corpus callosum, genu (CCg), corpus callosum, splenium (CCsp), fornix (FX), and internal capsule (IC).](fnana-06-00021-g001){#F1}

The insular cortex, adjacent to the claustrum and separated from its neighbor by the extreme capsule, has been extensively studied in various animals. In the species whose insular cortices have been often studied -- macaque, rat, and mouse, for example -- the structure has been divided into three main, cytoarchitecturally distinct, parts: the agranular insula located anteroventrally, and the granular insula in the posterodorsal portion, with the intermediate dysgranular insula in between (Brodmann, [@B15]; Rose, [@B72]; Mesulam and Mufson, [@B53]; Shi and Cassell, [@B73]; Van De Werd et al., [@B85]).

These agranular, granular, and dysgranular portions of the insula show different connectivity patterns and functions. In the macaque, the anterior insula is associated with the perirhinal-entorhinal cortex, anterior cingulate cortex (ACC), and amygdala, hence linking the structure with the gustatory and olfactory systems, as well as emotion processing. On the other hand, the granular insula is connected with the auditory and somatosensory cortices plus the visual area TEm. This implicates the structure in integration of the regions that process the non-chemical sensory input from the outside environment (Mesulam and Mufson, [@B54]; Mufson and Mesulam, [@B60], [@B61]). In addition, the non-human primate granular insula receives somesthetic afferents from the lamina I neurons of the spinal cord via the ventromedial nucleus of the thalamus, representing the interoceptive state of the animal (Craig, [@B20]). The dysgranular insula, whose cytoarchitecture represents the gradual transition between the agranular and the granular cortex, shows agranular connections in its anterior portion and granular connections in the posterior (Mesulam and Mufson, [@B54]; Mufson and Mesulam, [@B60], [@B61]). The rat insula shows a similar dissociation in connectivity and function, with the agranular insula richly associated with the limbic areas, whereas the granular and dysgranular insular cortices seem to receive visceral, homeostatic inputs (Allen et al., [@B1]).

There has been a long debate concerning the ontogenetic origin of the claustrum, with three different views: the opinion that the structure is derived from the adjacent insular cortex (Meynert, [@B55]; Brodmann, [@B15]), the view that it is a part of the basal ganglia (Edelstein and Denaro, [@B29]), and the one that argues for claustrum's independence from cortical or subcortical origin (Filimonoff, [@B31]). Meynert ([@B55]) and Brodmann ([@B15]) considered the claustrum to be part of the insular layer VI, and defined the borders of the insular cortex according to the location of the claustrum. Bayer and Altman ([@B8],[@B9]) supported this view by demonstrating that, in rat embryos, the claustrum and the deep layer of the anterior insular cortex emerge on the same day. This view has also been supported in the context of pallidal evolution in reptiles and birds: Striedter ([@B77]), based on comparative analysis of reptilian, avian, and mammalian brains, argued that the claustrum and the endopiriform nucleus (primate ventral claustrum) are pallidal in origin. In addition, Puelles et al. ([@B68]) have shown that the mammalian homologs of some of the genetic markers for the pallidum in the embryonic chick are expressed in the claustrum, suggesting cortical affinity. The second conception that the claustrum has its closest affinites to the striatum, rather than the insular cortex, is supported by evidence that it is possible for the claustrum to develop into a significant size in near absence of the insula, and that the human claustrum tends to extend much beyond the upper border of the insula. It has also been pointed out that the human embryonic claustrum is not directly connected with the deep layers of the insula. Instead, it is well-separated from the cortex by the uncinate fasciculus as well as the extreme capsule, and closely connected to the amygdala in some parts (Landau, [@B45]). The opinion that the claustrum is neither cortical nor subcortical was supported by Ramón y Cajal ([@B70]) and by Filimonoff ([@B31]), who, based on an exhaustive study of human adult and embryonic brains, concluded that the claustrum is an intermediate structure between the striatum and the cortex. A recent proteomic study of the rat claustrum agreed with this view, although it also found a claustral affinity with layer VI of the insular cortex (Mathur et al., [@B50]).

Inspecting histological sections from primate brains available in our laboratory supports the cortical origin of the claustrum. The spatial relationship between the claustrum and insula in the *Microcebus* is illustrated in the photomicrographs of Nissl- and Gallyas-stained coronal sections (Figures [1](#F1){ref-type="fig"}A,B) and Nissl- and Heidenhain-stained horizontal sections (Figures [2](#F2){ref-type="fig"}A,B). These sections show that the two structures are only barely separated from each other. The extreme capsule is very thin and does not entirely segregate the claustrum from the insula, and the claustrum appears to be an extra layer of the insula. This is unlike most other primate brains, in which claustrum and insula are more clearly separated by the extreme capsule: Figures [2](#F2){ref-type="fig"}C--F show Nissl- and Gallyas-stained sections from the brains of a tarsier (*Tarsius bancanus*) and an orangutan (*Pongo abelii*), including the claustrum, extreme capsule, and insula. In the tarsier (Figures [2](#F2){ref-type="fig"}C,D) the extreme capsule divides only the dorsal half of the claustrum from the insula, while the ventral halves of the two structures appear fused. However, based on the width of the extreme capsule, the dorsal segregation seems quite robust. In the orangutan (Figures [2](#F2){ref-type="fig"}E,F), the claustrum is completely separated from the insula.

![**Horizontal sections of the *Microcebus* brain, and coronal sections of tarsier (*Tarsius bancanus*) and orangutan (*Pongo abelii*) brains, depicting the spatial relationship between claustrum and insula in the three species**. **(A,B)**Horizontal sections of the *Microcebus* brain, stained for cell bodies with the cresyl violet Nissl technique **(A)** and for axon fibers with the Heidenhain technique **(B)**. **(C,D)** Coronal sections of the tarsier brain, stained for cell bodies with the cresyl violet Nissl technique **(C)** and for axon fibers with the Gallyas technique **(D)**. **(E,F)** Coronal sections of the orangutan brain, stained for cell bodies with the cresyl violet Nissl technique **(E)** and for axon fibers with the Gallyas technique **(F)**. In all panels, the external capsule (EtC), claustrum (CL), extreme capsule (ExC), and Insula (IN) are labeled. In the tarsier, the claustrum and the insula, while clearly segregated in the dorsal halves, appear fused together in the ventral portions. On the other hand, the extreme capsule in the orangutan is very extensive, completely separating the two structures. In the *Microcebus* the claustrum and the insula are extremely close together. Also, whereas the external capsule is relatively well defined throughout its entire length, the extreme capsule is almost absent in some parts. **(A,B)** Courtesy of the Comparative Mammalian Brain Collections (<http://www.brainmuseum.org/>), a collaborative effort among the University of Wisconsin-Madison, Michigan State University, and the National Museum of Health and Medicine, funded by the National Science Foundation and the National Institutes of Health.](fnana-06-00021-g002){#F2}

We have also investigated the genetic affinities of the claustrum and the insula, and compared them with those of their neighboring regions. Using Allen Institute for Brain Science's AGEA (Allen Mouse Brain Atlas, [@B2]), we studied the gene expression correlation patterns based on 4,376 genes in the claustrum, insula, caudate-putamen, and the olfactory cortex in the mouse. Figure [3](#F3){ref-type="fig"} shows the expression pattern of each region: the claustrum has the strongest correlations with the deep cortical layers and a large part of the insula, whereas the caudate-putamen seems mostly self-contained in terms of genetic expressions and shows no special affinity with the claustrum. The olfactory cortex, while moderately associated with all cortical areas, is most significantly correlated with itself. Meanwhile, the anterior insula is highly correlated with the cingulate cortex as well as itself.

![**Gene expression correlation maps provided by Allen Brain Atlas AGEA**. AGEA, an on-line, open-access tool developed at the Allen Institute for Brain Science, is based on *in situ* hybridization data from the adult C57Bl/6J mouse brain, which provided the expression patterns of 4,376 genes. User can select a region of interest on the atlas and obtain a three-dimensional map of the mouse brain showing the total gene expression correlation between the region of interest and any of the other regions. AGEA also provides users with lists of genes with enhanced expression in correlated areas (Ng et al., [@B63]). **(A)** A reference section of the mouse brain, containing the claustrum, insula, caudate-putamen, and olfactory cortex. **(B)** A magnified view of the middle right panel, illustrating the strong correlation between the anterior insula and the cingulate cortex. Each number indicates the degree of correlation between the selected area and the location of the dot connected with the number. The dot with the correlation value of 1.0000 is where the selection crosshair was placed. Middle left: The mouse claustrum's gene expression correlation profile. According to the correlation scale \[between (**A,B**)\], the claustrum is most strongly affiliated with the deep layers of the insular cortex. Middle right: The anterior insula's gene expression is most highly correlated with the cingulate cortex, as well as itself. Bottom left: The caudate-putamen, besides a moderately high correlation with the olfactory tubercle, is mostly contained within itself. Bottom right: The olfactory cortex, other than the moderately high correlation with the cortex, is mostly correlated with itself.](fnana-06-00021-g003){#F3}

From an evolutionary point of view, our histological evidence from the *Microcebus*, tarsier, and orangutan suggests a strong affinity between the claustrum and the insular cortex. Given the mouse lemur's similarities to the common primate ancestor, we believe that the two structures were closely juxtaposed in the beginning of the primate evolution, and gradually diverged due to the expansion of the extreme capsule as tarsiers, monkeys, and apes emerged. Our histological data, showing that the two structures are partially separated in the tarsier and segregated completely in the orangutan, supports this hypothesis. In addition, the gene expression profiles of the mouse claustrum and insula, provided by AGEA, indicate that the genes expressed in the claustrum are highly correlated with those present in the deep layers of the insular cortex and less correlated with gene expression in the striatum. Taken together, our anatomical and genetic evidence points to the cortical affinities of the claustrum.

Given that the claustrum appears to be a deep cellular layer closely juxtaposed with the insula in *Microcebus* and the close phylogenetic, developmental, and genetic affinities of the claustrum and insula, we hypothesized that the connections of these two structures might be similar in *Microcebus*. To test this hypothesis, we have emulated standard tracer-microinjection tract tracing studies by placing single-voxel seeds within these structures in our high spatial and angular resolution diffusion imaging dataset for a fixed *Microcebus* brain. During the past decade a number of studies have explored diffusion MRI's capability of assaying fiber connectivity in post-mortem, fixed brains. Studies of various species, including the mouse (Mori et al., [@B57]; Guilfoyle et al., [@B35]; Sun et al., [@B78]; Zhang et al., [@B89], [@B88]; D'Arceuil and de Crespigny, [@B21]), cat (Takahashi et al., [@B80], [@B79]), pig (Dyrby et al., [@B28], [@B27]), rabbit (D'Arceuil et al., [@B22]), baboon (Kroenke et al., [@B44]), macaque (D'Arceuil et al., [@B23]), and human (Roebroeck et al., [@B71]; Miller et al., [@B56]; Takahashi et al., [@B81]), have supported this approach as an effective method of identifying and observing development of fiber bundles. It has also been shown that the anisotropy of fixed tissue does not differ significantly compared to fresh tissue (Sun et al., [@B78]; D'Arceuil et al., [@B23]), and that fixed brain tissue retains its original diffusion property for at least 3 years (Dyrby et al., [@B27]). In addition, one study validated the results of probabilistic tractography in fixed pig brains by directly comparing them with the data from conventional tracer injections (Dyrby et al., [@B28]), showing that post-mortem diffusion imaging and probabilistic fiber tractography are viable methods. In fact, considering that these approaches are non-invasive, could be seeded in many different regions without a limit (whereas conventional tracer injection method can assay only a few regions per brain), and that diffusion images can be sliced in many different planes for analysis, further developments of these techniques would have a significant impact on the field of neuroanatomy. However, to our knowledge there have been no studies in which an image with very high angular and spatial resolutions was produced, fiber tractography was performed with the image, and the resulting connections were validated with conventional tracer injection data. The very high resolution of our high angular resolution diffusion imaging (HARDI) data, acquired at the magnetic field strength of 9.4 T, has allowed us to study the animal's claustral connectivity at a spatial resolution (90 micra) that has not been achieved in most HARDI connectional studies.

Materials and Methods
=====================

Diffusion MR imaging
--------------------

Two paraformaldehyde-fixed *M*. *murinus* brains, from lemurs that had died of cancer, were provided by Dr. Russell Jacobs of the Beckman Institute at the California Institute of Technology. The right hemisphere of one of the brains was immersed in an inert, fluorinated fluid (Galden^®^ HT-200 perfluoropolyether, Solvay Solexis, Inc., Thorofare, NJ, USA) and scanned for approximately 33 h in the Bruker 9.4-T MR system (Bruker Biospin, Germany) for a high angular resolution diffusion image (Figures [1](#F1){ref-type="fig"}C--F) at the Caltech Brain Imaging Center. The HARDI data were obtained with a diffusion-weighted single spin echo sequence, using the following parameters: number of directions = 72, TR/TE = 75/22.8 ms, 256 × 160 × 112 matrix, 23.04 mm × 14.40 mm × 10.08 mm FOV, nominal b-factor = 1170 s/mm^2^, ∂ = 5 ms, Δ = 10 ms. This yielded seven non-weighted images and 72 diffusion-weighted images, with a voxel size of 90 μm isotropic. Figures [1](#F1){ref-type="fig"}D--F show the fractional anisotropy map of the HARDI data, reflecting the high quality of our image.

Only two brains were used in the present study, and only one brain was imaged, due to the scarcity of post-mortem fixed *Microcebus* brains and the very high cost of acquiring a diffusion image with high spatial and angular resolutions.

Histology
---------

The imaged brain was embedded in celloidin, sectioned, and stained with thionin, but the resulting sections were low quality and could not be used for the study. Hence the second *M. murinus* brain underwent sucrose and phosphate buffer saline baths for cryoprotection, was frozen on a specially designed microtome stage, and sectioned coronally at the thickness of 90 μm. The cut face of the tissue was photographed after every section. These images were used to ensure accuracy in orientation when the sections were mounted on glass slides prior to staining.

All odd-numbered sections were stained with the cresyl violet Nissl technique, which visualizes neuronal cell bodies and glia (Figure [1](#F1){ref-type="fig"}A). All even-numbered sections were stained for axon fibers (Figure [1](#F1){ref-type="fig"}B) with the Gallayas method (Gallyas, [@B34]). Gelatinized slides were used for all Nissl sections and some of the Gallyas sections. However, agitations during the Gallyas procedure caused the tissue to peel off of gelatinized slides, and this prompted the use of SuperFrost Plus slides (Thermo Fisher Scientific, Inc., Waltham, MA, USA), which adhere to tissue electrostatically.

MR image processing and fiber tractography
------------------------------------------

FMRIB Software Library (FSL) algorithms (Smith et al., [@B75]; Woolrich et al., [@B87]) were used to process and analyze the HARDI data. Eddy current distortions in the diffusion-weighted images were modeled and corrected as affine transformations relative to the mean non-diffusion-weighted image. Diffusion parameters were estimated using the two-fiber Bayesian inference with Markov Chain Monte Carlo sampling algorithm implemented by BEDPOSTX in FSL (Behrens et al., [@B12]). The non-diffusion-weighted volume was re-oriented using the software Amira^®^ (Visage Imaging, Inc., Australia), then re-sliced with Image J (National Institutes of Health, Bethesda, MD, USA), such that its coronal cutting plane was similar to that of the histological sections.

The histological sections helped us identify the claustrum and the different cytoarchitectural portions of the insula on the diffusion image. We created single-voxel seeds in the two regions based on this anatomical information, and performed probabilistic fiber tractography using the PROBTRACKX algorithm implemented by FSL (Behrens et al., [@B12]). The same set of parameters were used for each run of probabilistic tracking: number of samples = 10,000; curvature threshold = 0.2; maximum number of steps = 4,000; and step length = 0.09 mm. The Loopcheck option was always used to exclude redundant fibers (Behrens et al., [@B13],[@B14], [@B12]). Similar tractography experiments were performed in the putamen, olfactory cortex, septum, and amygdala.

Results
=======

Probabilistic tractography results
----------------------------------

To explore the connectivity patterns of the central portions of the *Microcebus* claustrum and insula, we first created a single-voxel seed mask in the center of each structure (Figure [1](#F1){ref-type="fig"}C). Fiber tractography experiments were performed using these masks and the parameters described in the Materials and Methods section. The tractography results suggest that, despite the spatial proximity between the two structures, claustrum and insula in the *Microcebus* have very distinct connectivity patterns.

Overall, the claustrum seems associated with most cortical regions and olfactory structures: as shown in Figures [4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}, and [6](#F6){ref-type="fig"}, the claustral tract reaches the entire frontal pole, frontal cortex, premotor cortex, ventral ACC, ventral temporal cortex, visual cortex, motor cortex, somatosensory cortex, olfactory cortex, and olfactory bulb, and most strongly the entorhinal cortex. It also associates with some subcortical structures, such as the caudate (Figures [4](#F4){ref-type="fig"}C,D, [5](#F5){ref-type="fig"}B,C, and [6](#F6){ref-type="fig"}A), putamen (Figures [4](#F4){ref-type="fig"}C,D, [5](#F5){ref-type="fig"}C, and [6](#F6){ref-type="fig"}B), globus pallidus (Figures [4](#F4){ref-type="fig"}D, [5](#F5){ref-type="fig"}C, and [6](#F6){ref-type="fig"}B), lateral amygdala (Figure [4](#F4){ref-type="fig"}D), olfactory tubercle (Figures [5](#F5){ref-type="fig"}B and [6](#F6){ref-type="fig"}C), and olfactory tract (Figures [4](#F4){ref-type="fig"}A,B). The connections to the putamen and the globus pallidus appear to involve the external and internal medullary laminae of pallidum, respectively. In addition, the claustrum apparently has cross-hemispheric connections via the anterior commissure (Figures [4](#F4){ref-type="fig"}C and [5](#F5){ref-type="fig"}A) and the corpus callosum (Figures [4](#F4){ref-type="fig"}C,D and [5](#F5){ref-type="fig"}A--C).

![**An overview of the connections of the claustral tracts (shown in red-yellow, with the yellow indicating connections that are more probable) and the insular tracts (shown in blue-light blue, with the light blue indicating more probable connections), in coronal planes**. The top left panel compares the insular connection to the frontal cortex between the mouse and the *Microcebus*. The image on the left shows PHA-L injected into the anterior insula of the mouse, resulting in anterograde projections to the orbitofrontal cortex, located ventrally. Image courtesy of the Mouse Connectome Project. The image on the right depicts the probabilistic fiber tractography results showing that the *Microcebus* insula connects mainly with the dorsomedial and dorsolateral frontal cortex. The top right panel describes the locations of the coronal cross-sections **(A)** through **(H)**. In **(A--H)**, since the blue tracts have been rendered transparent, the areas with overlapping claustral and insular tracts appear purple. The cortical area numbers are based on Le Gros Clark's ([@B46]) map of *Microcebus* cortex. **(A,B)** The clautrum connects to the dorsal and ventral frontal cortex, cingulate cortex, olfactory cortex (OC), anterior olfactory nucleus (AN), and the olfactory tract (OTR), whereas the insula connects with the dorsomedial and dorsolateral frontal cortex. **(C)** The seed level. The claustral tracts travel from the claustrum (CL) to the nearby caudate (CD) and the putamen (PU), as well as the septum (S), anterior commissure (AC), and the ventral anterior cingulate cortex. The insular (IN) tracts appear in the caudate (CD), putamen (PU), septum (S), ventral cingulate cortex, nucleus accumbens (NA), and the diagonal band (DB). **(D)** The claustrum associates with the entorhinal cortex (EC, Area 28 in Le Gros Clark's, [@B46] cortical map) at a high probability, and with the lateral amygdala (LA). The insula connects with the temporal cortex, globus pallidus (GP), caudate (CD), and putamen (PU). **(E)** The claustrum connects at a high probability to the entorhinal cortex (EC, Area 28 in Le Gros Clark's, [@B46] cortical map). The insula connects to the caudate (CD), cingulate cortex, reticular thalamic nucleus (R), zona incerta (ZI), and dorsal lateral hypothalamus (DH, LH). **(F)** The claustrum continues to connect at a high probability with the entorhinal cortex (EC, Area 28 in Le Gros Clark's, [@B46] cortical map), whereas the insular tracts appear in the cingulate cortex and along the central tegmental tract (CTT). **(G)** While the claustrum connects to the entorhinal cortex (EC, Area 28 in Le Gros Clark's, [@B46] cortical map) and the more dorsal cortical areas 20 and 21, the insula continues to associate with the cingulate and central tegmental tract (CTT), and connects with the midbrain central gray (CG). **(H)** Both claustrum and insula connect with the visual cortex, although the insula does to a significantly lesser degree than does the claustrum.](fnana-06-00021-g004){#F4}

![**The connections of the claustrum and insula, in parasagittal planes**. The middle panel shows the levels of cross-section for **(A--D)**. The cortical area numbers are based on Le Gros Clark's ([@B46]) map of *Microcebus* cortex. **(A)** The claustrum connects to the olfactory bulb (OB) and the dorsal frontal cortex, and achieves cross-hemispheric connections via the anterior commissure (AC) and the corpus callosum (CC). The insula connects to the dorsal frontal cortex, posterior cingulate cortex, corpus callosum (CC), diagonal band (DB), midbrain central gray (CG), and central tegmental tract (CTT). **(B)** The claustrum is connected with a large portion of the prefrontal cortex, olfactory bulb (OB), olfactory tubercle (OTU), as well as the parietal cortex. The insular tracts appear in the frontal cortex, parietal cortex, caudate (CD), nucleus accumbens (NA), diagonal band (DB), zona incerta (ZI), substantia nigra (SN), and parabrachial nucleus (PB). **(C)** The claustrum connects to the frontal cortex and the putamen (PU), while the insula connects to the dorsal frontal cortex, globus pallidus (GP), reticular thalamic nucleus (R), ventral posterolateral thalamic nucleus (VPL), ventral posteromedial thalamic nucleus (VPM), and zona incerta (ZI). **(D)** The claustrum is highly probably connected to the entorhinal cortex (EC, Area 28 in Le Gros Clark's [@B46] cortical map). Both claustrum and insula are connected to the cortical area 17, although the insula seems connected to a lesser degree.](fnana-06-00021-g005){#F5}

![**The connections of the claustrum and insula in horizontal planes**. The top panel shows the levels of cross-section for **(A--C)**. The cortical area numbers are based on Le Gros Clark's ([@B46]) map of *Microcebus* cortex. **(A)** Both claustral and insular tracts appear in the frontal and cingulate cortices, caudate (CD), and the visual cortex. **(B)** The claustrum connects to the olfactory bulb (OB), putamen (PU), and the cortical area 21. Also note that the claustral tract is adjacent to the frontal, temporal, and occipital cortices, suggesting that the claustrum is connected to deep layers of these areas although the tract does not penetrate into upper cortical layers. The insular tract appears in the putamen (PU), globus pallidus (GP) and the parabrachial nucleus (PB). **(C)** The claustrum is connected to the olfactory tubercle (OTU), olfactory cortex (OC) and, at a high probability, to the entorhinal cortex (EC, Area 28 in Le Gros Clark's [@B46] cortical map). Meanwhile the insula connects to the central tegmental tract.](fnana-06-00021-g006){#F6}

By contrast, the mid-insular seed appears connected to more subcortical areas and does not show strong signals in the olfactory structures: the seed exhibits associations with the dorsal and lateral parts of the hypothalamus (Figure [4](#F4){ref-type="fig"}E), substantia nigra (Figure [5](#F5){ref-type="fig"}B), zona incerta (Figures [5](#F5){ref-type="fig"}B,C), thalamic areas such as the reticular nucleus (Figure [5](#F5){ref-type="fig"}C), ventral posterolateral nucleus (Figure [5](#F5){ref-type="fig"}C), and the parvocellular division of the ventral posteromedial nucleus (VPMpc; Figure [5](#F5){ref-type="fig"}C), and with brainstem structures including the central tegmental tract (Figures [4](#F4){ref-type="fig"}E,F, [5](#F5){ref-type="fig"}A, and [6](#F6){ref-type="fig"}C), parabrachial nucleus (Figures [5](#F5){ref-type="fig"}B and [6](#F6){ref-type="fig"}B), and midbrain central gray (Figures [4](#F4){ref-type="fig"}F and [5](#F5){ref-type="fig"}A). Additional subcortical regions such as the nucleus accumbens (Figures [4](#F4){ref-type="fig"}C and [5](#F5){ref-type="fig"}B), substantia innominata (data not shown), and diagonal band (Figures [4](#F4){ref-type="fig"}C and [5](#F5){ref-type="fig"}A,B) are also connected with the insula. We were unable to precisely identify which hypothalamic nuclei are associated with the insula, due to the limited image resolution. Overall, there appears to be a coherent system involving the central tegmental tract, parabrachial nucleus, lateral hypothalamus, zona incerta, VPMpc, midbrain central gray, and insular cortex. In contrast to the claustrum, we found no connections to the olfactory bulb or the entorhinal cortex arising from the mid-insular seed voxel, although it does have some connections with the temporal lobe outside the entorhinal cortex (Figure [4](#F4){ref-type="fig"}D). The insular seed revealed a robust trans-cortical association between the cingulate cortex and the insula (Figure [4](#F4){ref-type="fig"}C). This connection and the rest of the insular connections with the frontal cortex (Figures [4](#F4){ref-type="fig"}A,B) mainly occupy the dorsal and lateral aspects of the frontal lobe. On the other hand, the claustrum does not show such preference (Figure [4](#F4){ref-type="fig"}A). The insula's connection to the dorsolateral frontal cortex in the *Microcebus* contrasts with the mouse insula, which is mainly associated with the ventral frontal lobe (Figure [4](#F4){ref-type="fig"}, top left panel).

Some similarities between the two connectivity patterns are also observed. First, both seed regions maintain connections throughout almost the entire length of the cingulate cortex (Figures [4](#F4){ref-type="fig"}C--F, [5](#F5){ref-type="fig"}A and [6](#F6){ref-type="fig"}A), including the part of the ventral ACC that may be the primate homolog of the rodent infralimbic and prelimbic cortices (Figure [4](#F4){ref-type="fig"}C). Second, both regions appear robustly connected to the septum: the claustral tract is seen in a large part of it while the insular tract is present in the dorsal septum (Figure [4](#F4){ref-type="fig"}C). Also, a single-voxel seed mask placed in the dorsal septum yielded a tract that reaches both the claustrum and the insula (Figure [7](#F7){ref-type="fig"}, top row). Third, both the insula and the claustrum seem associated with the parietal and occipital cortices, although the insular connections are much weaker than are the claustral ones (Figures [4](#F4){ref-type="fig"}E--G, [5](#F5){ref-type="fig"}B,D, and [6](#F6){ref-type="fig"}A). Finally, both structures exhibit connections to the caudate and the putamen (Figures [4](#F4){ref-type="fig"}C,D, [5](#F5){ref-type="fig"}B,C and [6](#F6){ref-type="fig"}A,B).

![**The connections of the septum and amygdala to the claustrum and insula**. Upper panel: The mid-claustral and mid-insular seeds both yield connections to the septum. A single-voxel seed placed in the septum results in tracts connecting to the claustrum (CL) and insula (IN). Lower panel: Six single-voxel seeds were placed in the basal part of the amygdala. The resulting tracts were pooled together and inspected for any connections to the insula. While some connections are observed in the claustrum, our data do not show any amygdalal tracts reaching the insula.](fnana-06-00021-g007){#F7}

To investigate topographical fiber organizations in the claustrum and the insula, we placed additional single-voxel seeds along the approximate anteroposterior, mediolateral, and dorsoventral axes of each region. The mediolateral axis was not tested in the claustrum, due to the thinness of the structure. The claustrum does not exhibit significant differences in connectivity results among the anterior, middle, and posterior seeds (Figures [8](#F8){ref-type="fig"}A--D), whereas there seems to be some spatial organization along the dorsoventral axis: the ventral claustral seed, while connecting to the same set of regions as the dorsal seed, also connects to larger areas of the olfactory bulb and the olfactory cortex compared to the dorsal seed (Figures [8](#F8){ref-type="fig"}E--H). Whereas the insula does not seem to have any significant topographic organizations along the anteroposterior or the mediolateral axes (data not shown), some differences are observed along the approximately dorsoventral axis: a seed placed in the agranular region, ventral to the mid-insular seed discussed above, exhibits connections to the olfactory bulb, olfactory cortex, and the entorhinal cortex in addition to the insular connectivity profile discussed above (Figure [9](#F9){ref-type="fig"}).

![**The slight spatial organization within the claustrum**. Top panel: The levels of cross-section for **(A)** through **(H)**. **(A)** The locations of two claustrum seeds, with the blue seed in the anterior claustrum, and the red seed in the mid-claustrum. **(B)** The placement of the third seed, in the posterior claustrum, which is ventral compared to the anterior and middle claustrum. **(C,D)** illustrate the tractography results of the three seeds, demonstrating that the tracts mostly overlap with one another and there are no significant differences. **(E)** The locations of two claustrum seeds, with the light blue seed in the dorsal claustrum, and the pink seed in the ventral claustrum. **(F,G)** Claustrual connections to the olfactory bulb, olfactory cortex, and entorhinal cortex. Note that the tracts from the ventral seed (pink) occupy larger and more ventral portions of the three structures compared to those from the dorsal seed (light blue). Abbreviations: AC, anterior commissure; AN, anterior olfactory nucleus; CL, claustrum; EC, entorhinal cortex, Area 28 in Le Gros Clark's ([@B46]) cortical map; GP, globus pallidus; OB, olfactory bulb; OC, olfactory cortex; OTR, olfactory tract; OTU, olfactory tubercle; PU, putamen.](fnana-06-00021-g008){#F8}

![**Probabilistic fiber tractography results from three seeds in the insula**. The top left panel shows the placement of the seeds: While the blue seed is in the mid-insula, the green seed is in the dorsal insula, closer to the granular insula, and the red seed is located ventrally, closer to the agranular insula. The top two panels show the levels of cross-section for **(A)** through **(E)**. All panels show that the three seeds all share common tracts, and that the only significant difference is that the ventral seed connects to the olfactory bulb **(A)**, anterior olfactory nucleus **(A)**, olfactory cortex **(C)**, and the entorhinal cortex **(C)**. Note that the ventral insular seed's connection to the olfactory cortex in **(C)** is minimal, suggesting that the connections to other olfactory structures likely arose from the agranular insula, rather than from the adjacent olfactory cortex. **(D)** shows the similarities between the middle insular tracts and the ventral insular tracts. Abbreviations: AN, anterior olfactory nucleus; CC, corpus callosum; CD, caudate; DB, diagonal band; EC, entorhinal cortex, Area 28 in Le Gros Clark's ([@B46]) cortical map; GP, globus pallidus; IN, insula; NA, nucleus accumbens; OB, olfactory bulb; OC, olfactory cortex; PB, parabrachial nucleus; PU, putamen; R, reticular thalamic nucleus; S, septum; SN, substantia nigra; ZI, zona incerta. The cortical area numbers are based on Le Gros Clark's ([@B46]) map of *Microcebus* cortex.](fnana-06-00021-g009){#F9}

To ensure that our results from the central claustral and insular seeds mostly represent the connectivity of claustrum and insula only, and not of the surrounding regions, we placed single-voxel seeds in some of these surrounding structures and compared the resulting fiber tracts with the claustral and insular ones. A seed was placed in the putamen, the structure immediately medial to the claustrum. The most striking differences shown in the probabilistic tractography results are that: (a) the putamen, unlike the claustrum, does not connect with olfactory structures such as the olfactory bulb, olfactory cortex, olfactory tubercle, and entorhinal cortex; and (b) the putamen connects extensively to the caudate. Some similarities are found: like the claustrum, the putamen shows connections with many cortical areas, including the frontal, entorhinal, and visual (Figure [10](#F10){ref-type="fig"}, upper panel).

![**Comparison of connectivity patterns between the putamen and the claustrum, and olfactory cortex and the ventral insula**. Upper panel: Comparison of the claustral connectivity pattern with that of the putamen. The first row shows the levels of cross-section for **(A--C)**, and the locations of the seeds in the putamen (green) and the claustrum (red). **(A--C)**The putamen tract shows more extensive connections to the striatum than does the claustral tract **(A,C)**, and unlike the claustrum, the putamen does not associate with the olfactory areas, such as the olfactory bulb, olfactory tubercle, and olfactory cortex, and associates only with a small part of the entorhinal cortex **(A--C)**. However, the two tracts share many of the cortical connections **(C)**. Lower panel: Comparison of the insular connectivity with that of the olfactory cortex. The first row shows the levels of cross-section for **(D--G)**, and the locations of the seeds in the olfactory cortex and the insula. **(D--G)**Despite the proximity of the two seeds, the tract originating from the olfactory cortex is significantly different from the insular tract, connecting to the olfactory bulb **(F)**, anterior olfactory nucleus **(F)**, and the entorhinal cortex **(E)**, while avoiding most of the regions connected to the insula. Abbreviations: AN, anterior olfactory nucleus; CD, caudate; CL, claustrum; DB, diagonal band; EC, entorhinal cortex; GP, globus pallidus; IN, insula; OB, olfactory bulb; OC, olfactory cortex; OTU, olfactory tubercle; PU, putamen; R, reticular thalamic nucleus; S, septum; SN, substantia nigra; ZI, zona incerta. The cortical area numbers are based on Le Gros Clark's ([@B46]) map of *Microcebus* cortex.](fnana-06-00021-g010){#F10}

We placed another seed in the olfactory cortex, the region directly ventral to both the claustrum and the insula, and compared the resulting tracts with those of the agranular insular seed. As expected, the results indicate that the olfactory cortex's connectivity profile does not significantly overlap with the connectivity patterns of the agranular insula and the claustrum, in that the olfactory cortex only connects to the olfactory bulb, olfactory tubercle, and the entorhinal cortex (Figure [10](#F10){ref-type="fig"}, lower panel).

The probabilistic connectivity results for the claustral and insular seeds mentioned above are summarized in Tables [1](#T1){ref-type="table"}-- [5](#T5){ref-type="table"}. The tables also include the comparison of our fiber tractography results with those of previous tracer injection studies in rodents and monkeys: since there are virtually no tracer studies done in the *Microcebus*, comparing our data to those from other species is currently the best available method of validating our data.

###### 

**Comparison of claustral connectivity in the cat and the *Microcebus***.

![](fnana-06-00021-t001)

*The leftmost column and the bottom row of the table both present the comprehensive list of all regions connected with the claustrum in at least one of the two species. While the column highlights in blue the regions associated with the *Microcebus* claustrum, the row highlights in yellow the structures shown to connect with the claustrum in cat tracer studies. The red squares mark the structures that are connected to the claustrum in both species*.

*Studies cited: ^1^Norita ([@B64]); ^2^Olson and Graybiel ([@B65]); ^3^Witter et al. ([@B86])*.

*Abbreviations: SMA, supplementary motor area*.

###### 

**Comparison of claustral connectivity in the rhesus macaque (*Macaca mulatta*), the common squirrel monkey (*Saimiri sciureus*), and the *Microcebus***.

![](fnana-06-00021-t002)

*The configuration is the same as that of Table [1](#T1){ref-type="table"}*.

*Studies cited: ^1^Mufson and Mesulam ([@B60]), macaque; ^2^Pearson et al. ([@B67]), macaque; ^3^Jürgens ([@B41]), squirrel monkey; ^4^Arikuni and Kubota ([@B7]), macaque; ^5^Insausti et al. ([@B38]), macaque; ^6^Amaral and Insausti ([@B5]), macaque; ^7^Tanné-Gariépy et al. ([@B82]), macaque*.

*Abbreviations: SMA, supplementary motor area*.

###### 

**Comparison of insular connectivity in the rat and the *Microcebus***.

![](fnana-06-00021-t003)

*The configuration is the same as that of Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}*.

*Note that since the *Microcebus* anteroventral cingulate cortex appears to be the homolog of the rat infralimbic and prelimbic cortices, the rat infralimbic and prelimbic connections were treated as cingulate connections as well*.

*Studies cited: ^1^Allen et al. ([@B1]); ^2^Shi and Cassell ([@B73]); ^3^McGeorge and Faull ([@B51])*.

*Abbreviations: CM, central medial nucleus; DLPFC, dorsolateral prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; MD, medial dorsal nucleus; PF, parafascicular nucleus; PVN, paraventricular nucleus; R, reticular nucleus; VPL, ventral posterolateral nucleus; VPLpc, ventral posterolateral nucleus, parvocellular part; VPM, ventral posteromedial nucleus; VPMpc, ventral posteromedial nucleus, parvocellular part*.

###### 

**Comparison of insular connectivity in the mouse and the *Microcebus***.

![](fnana-06-00021-t004)

*The configuration is the same as that of Tables [1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}, and [3](#T3){ref-type="table"}*.

*Note that since the *Microcebus* anteroventral cingulate cortex appears to be the homolog of the mouse infralimbic cortex, the mouse infralimbic connection was treated as both infralimbic and cingulate*.

*All mouse data from the Mouse Connectome Project, <http://www.mouseconnectome.org>*.

*Abbreviations: DLPFC, dorsolateral prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; R, reticular nucleus; VPL, ventral posterolateral nucleus; VPLpc, ventral posterolateral nucleus, parvocellular part; VPMpc, ventral posteromedial nucleus, parvocellular part. Also, the "midline thalamus" consists of reuniens, medial part of mediodorsal nucleus, paraventricular nucleus, and intermediodorsal nucleus*.

###### 

**Comparison of insular connectivity in the rhesus macaque (*Macaca mulatta*) and the *Microcebus***.

![](fnana-06-00021-t005)

*The configuration is the same as that of Tables [1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}, [3](#T3){ref-type="table"}, and [4](#T4){ref-type="table"}*.

*Studies cited: ^1^Mufson et al. ([@B62]); ^2^Mufson and Mesulam ([@B60]); ^3^Mesulam and Mufson ([@B54]); ^4^Mufson and Mesulam ([@B61]); ^5^Chikama et al. ([@B19]); ^6^An et al. ([@B6]); ^7^Öngür et al. ([@B66])*.

*Abbreviations: DLPFC, dorsolateral prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; MD, medial dorsal nucleus; MG, medial geniculate nucleus; MGpc, medial geniculate nucleus, parvocelluar part; MVL, medial division of ventral lateral nucleus; OVL, oral divison of ventral lateral nucleus; PF, parafascicular nucleus; R, reticular nucleus; VPL, ventral posterolateral nucleus; VPLpc, ventral posterolateral nucleus, parvocellular part; VPM, ventral posteromedial nucleus; VPMpc, ventral posteromedial nucleus, parvocellular part*.

Discussion
==========

Our data show that the claustrum and insula have very different connections in *Microcebus* despite their close structural, developmental, phylogenetic, and genetic affinities. Our *Microcebus* connectivity data, as shown in the Tables [1](#T1){ref-type="table"}-- [5](#T5){ref-type="table"}, are by and large consistent with the previously known connections of the claustrum and insula from tracer and imaging studies in other species. Our claustral connectivity pattern is comparable with the cat (Norita, [@B64]; Olson and Graybiel, [@B65]; Witter et al., [@B86]), macaque (Mufson and Mesulam, [@B60]; Pearson et al., [@B67]; Arikuni and Kubota, [@B7]; Insausti et al., [@B38]; Amaral and Insausti, [@B5]; Tanné-Gariépy et al., [@B82]), and squirrel monkey (Jürgens, [@B41]), demonstrating associations with most cortical areas. There are additional supporting data from the rat (Carey and Neal, [@B17]; Kowianski et al., [@B43]; Behan and Haberly, [@B11]; Lipowska et al., [@B48]), hedgehog (Dinopoulos et al., [@B25]), rabbit (Lipowska et al., [@B48]), mouse (Mouse Connectome Project, [@B59]), *Galago* (Carey et al., [@B16]), and *Tupaia* (Carey et al., [@B16]). In the cases of the rabbit and the rat, the injections were made in the endopiriform nucleus, which we consider equivalent to the ventral claustrum in primates. Although our results suggest that the *Microcebus* claustrum is connected with the putamen, globus pallidus, olfactory bulb, and olfactory tubercle, to the best of our knowledge no past tracing studies in other species have reported this. We suspect that these regions might not be directly connected with the claustrum, but rather indirectly via the cortical and subcortical areas that are associated with it.

Our results from the mid-insular seed also show a trend similar to those of the previous studies in the mouse (Mouse Connectome Project, [@B59]), rat (McGeorge and Faull, [@B51]; Allen et al., [@B1]; Shi and Cassell, [@B73]), and macaque (Mufson et al., [@B62]; Mesulam and Mufson, [@B54]; Mufson and Mesulam, [@B60], [@B61]; Chikama et al., [@B19]; An et al., [@B6]; Öngür et al., [@B66]), connecting to various subcortical structures that are also associated to the insula in other species. Also, a seed placed in approximately the agranular portion of the insula connects to olfactory structures, such as the olfactory bulb, olfactory cortex, and the entorhinal cortex, which is consistent with the past literature (Mesulam and Mufson, [@B54]; Shi and Cassell, [@B73]; Mouse Connectome Project, [@B59]).

Our data show some similarities to the claustral and insular connectivity patterns in the human brain as well. A human DTI study, in which selection of the seed regions were guided by microsurgical dissection of the claustrum and its surrounding fibers, suggests that the human claustrum is associated with a wide variety of cortical regions, including the prefrontal cortex, orbitofrontal cortex, temporal pole, parietal cortex, and occipital cortex (Fernández-Miranda et al., [@B30]). The human insula's structural connections with the entorhinal cortex, prefrontal cortex, premotor cortex, and parietal cortex, and the functional associations with the frontal cortex, cingulate cortex, supplementary motor area, parietal cortex, and visual cortex, are consistent with our findings (Taylor et al., [@B83]; Menon and Uddin, [@B52]; Uddin et al., [@B84]; Cerliani et al., [@B18]; Deen et al., [@B24]). However, these studies report the structure's connections with multiple regions not included in our results. This disagreement might be mostly due to the increased complexity of the human brain that may have enlarged the claustral and insular connections.

The results from the insular seed appear to contain a coherent system including the central tegmental tract, parabrachial nucleus, midbrain central gray, and the VPMpc of the thalamus. A tracer injection study in the macaque nucleus of the solitary tract (NST) revealed that the rostral NST projects to the VPMpc via the central tegmental tract, the caudal NTS connects to the parabrachial nucleus, midbrain central gray, and ultimately the VPMpc, and the intermediate portion of the nucleus is associated with the VPMpc and the parabrachial nucleus (Beckstead et al., [@B10]). The connection to the NST seems to have been lost in our results, but the insular connections are present for all of the other structures in the system, and its association with the central tegmental tract is especially strong. In macaque monkeys, tracer injections have demonstrated that the aganular insula is reciprocally connected with the same part of the midbrain central gray that is associated with the insula in our study (An et al., [@B6]).

The tracer data from the mouse show that the insula is connected to the frontal cortex ventrally, while our tractography results suggest that insula and the prefrontal cortex are associated more dorsally in the *Microcebus*. This divergence may be due to the expansion of the dorsal and lateral frontal cortex in the primate brain, relative to non-primate mammalian brains (Khokhryakova, [@B42]; Fuster, [@B33]). Since the dorsal and lateral frontal cortices are relatively larger in the *Microcebus* than in rodents, it seems plausible that the insula might be more strongly connected to the dorsolateral frontal cortex in the *Microcebus* than in the mouse. A tracer injection study in the macaque, showing that connections exist between the insula and the dorsolateral frontal cortex in addition to the orbitofrontal cortex (Mesulam and Mufson, [@B54]), supports this conclusion.

In addition, our data reflect differences in connectivity pattern between the granular and agranular insula, with the latter, unlike the former, connecting to olfactory structures. This is consistent with past tracer studies in the primate insula in which the agranular portion of the structure has been implicated in olfactory processing (Mesulam and Mufson, [@B54]). While this could conceivably result from the seed's proximity to the olfactory cortex, the ventral insular seed does not connect to the portion of the anterior olfactory cortex directly adjacent to the insula (Figure [10](#F10){ref-type="fig"}, lower panel), hence supporting the interpretation that these tracts indeed represent the connectivity pattern of the agranular insula, rather than that of the olfactory cortex.

In our results, the region that was most probabilistically connected to the claustral seeds was the entorhinal cortex. This cortical region has been of interest to those studying the neural mechanism of navigation and spatial memory, because it contains special classes of neurons that appear to process one's perceived location and direction of movement. For example, "border cells" encode the animal's location relative to local boundaries (Solstad et al., [@B76]), while "grid cells" represent one's position and, in some cases, direction within a field map composed of equilateral triangular grids anchored to external landmarks (Hafting et al., [@B36]; Doeller et al., [@B26]). In addition, "path cells" in the human entorhinal cortex encode whether one is headed clockwise or counterclockwise (Jacobs et al., [@B39]), whereas similar "path equivalent cells" found in rodents react to locations in different but similar -- "equivalent" -- trajectories (Frank et al., [@B32]). The frequent loss of visuo-spatial orientation in the early stages of Alzheimer's disease (AD) has been attributed to the degeneration of entorhinal cortex and hippocampus (Iachini et al., [@B37]). The portion of the human claustrum that is connected with the entorhinal cortex has been reported to show more severe AD pathology than the rest of the structure (Morys et al., [@B58]). This suggests that the claustrum contributes to the spatial function of the entorhinal cortex, and that the loss of spatial memory in AD may be due not only to degeneration of the entorhinal cortex and the hippocampus, but also to destruction of the integrating function of the claustrum. This is plausible, considering the claustrum's extensive connections with cortical areas and its implications in perception and consciousness.

Our data suggest that, despite the close juxtaposition between the claustrum and insula, the two structures have completely different connections. This is confirmed by the conventional tract tracer results in other species. In addition, tractography experiments in the adjacent putamen and olfactory cortex show that our insular and claustral results are more or less region-specific. The seeds in the putamen and the claustrum do seem to share some of their tracts, and although it is possible that this is due to the proximity of the two structures and the limited resolution of our image, we believe that the more likely cause may be the claustrum's robust connection to the putamen, making the tract originating from the putamen seed a natural part of the claustral tract.

It is not yet clear if the claustrum and the insula are directly connected with each other. Associations between the two structures have been observed in the rat (Allen et al., [@B1]; Shi and Cassell, [@B73]; Behan and Haberly, [@B11]), mouse (Mouse Connectome Project, [@B59]), and the cat (Witter et al., [@B86]), via tracer injections into the insula. However, considering the close proximity between these regions, it is uncertain whether the labeling in the claustrum reflects a true connection between the two regions or merely the spread of the injections. A similar labeling was observed in the macaque, but was attributed to the spread of the tracer injected into the insula (Mufson and Mesulam, [@B60]). Meanwhile, direct injection into the claustrum has been avoided due to the sheet-like morphology of the structure, hence limiting the amount of available data. Although in our data the claustrum and the insula do appear connected to each other, the connection is quite weak and hence unable to offer a conclusive view.

Some aspects of our results are not consistent with the tracer studies. First, we find no connection between the insula and the amygdala, whereas previous studies indicate otherwise (Mufson et al., [@B62]; Allen et al., [@B1]; Shi and Cassell, [@B73]; Mouse Connectome Project, [@B59]). The lack of connection between the insula and amygdala in our results was confirmed by additional fiber tractography with six single-voxel seeds placed in the various nuclei at the basal portion of the amygdala (Figure [7](#F7){ref-type="fig"}, lower panel). The resulting tracts suggest that while these seeds do connect to the claustrum, they are not at all associated with the insula. In fact, the tracts entering the claustrum seem very selective, cleanly avoiding the insula. This difference might be anatomically valid, demonstrating the mouse lemur's inherent biological difference from the rodents and higher-level primates. It is also possible that this lack of connection is unique to the particular individual that was studied. Although it might also reveal a technical limitation of HARDI in this instance, it is worth noting that we did previously find a robust connection between the frontoinsular cortex and amygdala in the gorilla using HARDI and probabilistic fiber tractography (Allman et al., [@B4]).

Second, our results, while showing connections to many of the regions known to be associated with the claustrum and the insula in other species, including small structures such as the parabrachial nucleus and zona incerta, in some parts fail to provide as much detail as the tracer studies can. For instance, whereas injecting tracers in the macaque insula demonstrated miniscule connections to many small thalamic nuclei (Mufson and Mesulam, [@B61]), our results are able to clearly show tracts to only three thalamic nuclei.

Third, as discussed in the Results section, while our data suggest the differences between the connectivity patterns of the granular and agranular insula, the results do not show much topographical fiber organizations within the claustrum. Many tracer studies have found the claustrum to be topographically organized (Norita, [@B64]; Olson and Graybiel, [@B65]; Pearson et al., [@B67]; Dinopoulos et al., [@B25]; Kowianski et al., [@B43]; Tanné-Gariépy et al., [@B82]; Fernández-Miranda et al., [@B30]), hence indicating that our results do not reflect the differential fiber organization that is likely to exist. While the limited resolution of our image might have caused this, strong connections within the claustrum -- like the long-range connection found within the rat claustrum (Behan and Haberly, [@B11]; Smith and Alloway, [@B74]) -- might also have influenced our results. Considering the integrative nature of the claustral function, intra-claustral associations are indeed plausible, and it seems possible that such connections, by unifying the claustrum into one unit, prevented our results from properly reflecting the topographical organization of the claustrum. However, our data do suggest that the ventral claustrum may be affiliated to a greater extent than does the dorsal claustrum with the olfactory blub, olfactory cortex, and the entorhinal cortex. This is consistent with Striedter's argument that the ventral claustrum originates from the olfactory cortex (Striedter, [@B77]).

Despite these inconsistencies, our experimental approach has demonstrated that, at a very high resolution, HARDI and probabilistic fiber tractography can achieve results that are comparable with those from tracer injection studies. Besides the high spatial and angular resolutions of our image, the most significant aspect of the present study is that, thanks to the high quality of the image, we were able to obtain detailed results using single-voxel seeds, placed in the gray matter. This emulates the conventional tract tracing method, and is in stark contrast to most previous studies using diffusion imaging and fiber tractography, in which all voxels in a region must be used as seeds, or seeds had to be placed in the white matter, in order to acquire viable results. Our method may raise concerns, though, as only one or two voxels were used to represent the entire claustrum and insula. We have dealt with these concerns by repeating tractography in other parts of the structures and verifying that, in our specific dataset, the seeds that we have used yield the tracts that sufficiently represent the regions. The fact that our results are largely consistent with the results of tracer injection studies also suggests that our single-voxel seeding method is viable.

High angular resolution diffusion imaging and probabilistic fiber tractography has the advantages that they are non-destructive; require no surgical interventions; and the connection of each and every voxel can be mapped with full knowledge of the anatomical context, whereas in conventional tractography only a few specific tracer injection sites can be assayed. Also, the brain can be sectioned computationally into any desired plane for analysis. Although the diffusion fiber tractography results are bidirectional and cannot determine whether a connection is afferent or efferent, and currently available diffusion images obviously do not have the fine resolution of conventional tract tracing, this method will still be helpful in extending the study of axonal fiber connectivity to the animals that are rare, cannot be investigated through injections of tract tracers, and can only be accessed post-mortem. The method also has potential applications to high resolution studies of connectivity in fixed human brain tissue.
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